Multidrug-resistant enterococcal strains emerged in the early 1980s and are now among the leading causes of drug-resistant bacterial infection worldwide. We used functional genomics to study an early bacterial outbreak in patients in a Wisconsin hospital between 1984 and 1988 that was caused by multidrug-resistant Enterococcus faecalis. The goal was to determine how a clonal lineage of E. faecalis became adapted to growth and survival in the human bloodstream. Genome sequence analysis revealed a progression of increasingly fixed mutations and repeated independent occurrences of mutations in a relatively small set of genes. Repeated independent mutations suggested selection within the host during the course of infection in response to pressures such as host immunity and antibiotic treatment. We observed repeated independent mutations in a small number of loci, including a little studied polysaccharide utilization pathway and the cydABDC locus. Functional studies showed that mutating these loci rendered E. faecalis better able to withstand antibiotic pressure and innate immune defenses in the human bloodstream. We also observed a shift in mutation pattern that corresponded to the introduction of carbapenem antibiotics in 1987. This work identifies pathways that allow enterococci to survive the transition from the human gut into the bloodstream, enabling them to cause severe bacteremia associated with high mortality.
INTRODUCTION
Enterococcus faecalis bacteria are ubiquitous members of the gastrointestinal tract consortia of land animals (1, 2) . In the antibiotic era, E. faecalis has become a leading hospital pathogen, causing opportunistic infections that are often refractory to antibiotic treatment (3, 4) . Whereas E. faecalis is well adapted to life in the intestinal tract, bacteria causing bloodstream infections face substantially different selective pressures. These include altered nutrient availability and restriction, different host defenses including abundant neutrophils, and different concentrations of antibiotics (5) . Enterococcal bloodstream infections occur mainly in hospitalized patients and are usually caused by hospital-adapted lineages. Multidrugresistant hospital-adapted enterococcal strains are believed to be readily acquired into the antibiotic-destabilized gut microbial community by ingestion from contaminated objects and surfaces (6) . This is followed by proliferation in the lower gastrointestinal tract (7, 8) , increasing the likelihood of active or passive translocation across the gut epithelium and into the bloodstream. Enterococci are known to be resistant to killing by phagocytes (9) , allowing them to persist and adapt to conditions in the bloodstream. Patient-to-patient transmission occurs predominantly via the fecal-oral route (10) and rarely, if at all, via bloodstream-to-bloodstream spread. Therefore, beneficial mutations that occur during outgrowth of enterococci in the bloodstream represent an evolutionary cul-de-sac and are unlikely to be transmitted between patients. As a consequence, mutations that confer survival advantages in the bloodstream must evolve de novo each time the bacteria infect the bloodstream of a new patient.
virulence. Such traits included production of the cytolysin toxin bacteriocin (12) , the E. faecalis pathogenicity island encoding enterococcal surface protein (ESP) (13) , and high-level gentamicin resistance (11) . Compared to pre-outbreak strains, outbreak strains were more resistant to b-lactam and cephalosporin antibiotics ( fig.  S1 ). In addition, they were more resistant to the commonly used hospital disinfectant chlorhexidine and were more tolerant to acidic pH ( fig. S1 ). Comparison of the genome of the prototype outbreak isolate, B594, to the first vancomycin-resistant isolate in the United States, strain V583 isolated in St. Louis, MO in 1987 (14) , showed that B594 and V583 were of the same lineage and shared a recent common ancestor ( fig. S2 ).
Analysis of variants among outbreak strains
To serve as a basis for the identification of genetic changes that occurred over the course of the outbreak, we generated a closed 0.0020 Fig. 1 . Genetic diversity of E. faecalis strains before and during a hospital outbreak. Genetic diversity of E. faecalis strains before (teal) and during (pink) an outbreak from 1984 to 1988 in a Wisconsin hospital is shown. The maximum likelihood phylogeny is shown for the 93 strains sequenced in this study and for the V583 and OG1RF strains (root) that were sequenced previously. The B594 outbreak reference strain is boxed. Orthogroups were clustered with Synergy2, an alignment was generated from single-nucleotide polymorphisms (SNPs) in 1976 single-copy core genes, and a phylogenetic tree was constructed with RAxML. Scale bar shows the number of nucleotide substitutions per site. Asterisks show nodes with bootstrap values of 100; all other nodes have bootstrap values of <90. Colored boxes show the prevalence of virulence (cytolysin and ESP), bacterial immunity (CRISPR-Cas), drug resistance, and plasmid replication genes among pre-outbreak and outbreak E. faecalis strains. Lighter shading in the cytolysin column corresponds to partial, nonfunctional cytolysin operons. Black circles at the far right show the date of isolation of each strain, and tan bars indicate ungapped genome length for each strain. Genome assembly statistics and National Center for Biotechnology Information accession information for all strains are available in table S1.
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genome sequence for the chromosome and two resident plasmids of the earliest outbreak isolate, B594. Derivatives of this isolate have been propagated in the laboratory as MMH594, which has been studied as a representative pathogenic, multidrug-resistant, hospitaladapted strain (15) . The closed B594 genome was used as the reference for variant calling in subsequent outbreak isolates (table S3) . We identified 15 chromosomal variants that became progressively fixed over time among the outbreak strains. These variants were used to group strains by genotype and infer the genotypes of the transmitted strains over time (Fig. 2, A and B) . Multiple bloodstream isolates (two, three, or four) were obtained from six different patients at intervals from 11 to 160 days after the initial E. faecalis-positive blood culture. Analysis of variants in these samepatient isolates suggested that they likely emerged from the diversity harbored within the gastrointestinal tract or a site of localized infection rather than being sustained in the bloodstream (table S4) .
We next compared all 62 outbreak strains to one another to identify mutations and changes in mobile genetic elements. A phylogenetic tree of SNPs enabled broad clustering of strains by approximate date of isolation ( fig. S3) B594  B878  B939  B1005  B1138  B1249  B1290  B1327  B1376  B1385  B1441  B1505  B1532  B1586  B1618  B1623  B1678  B1696  B1719  B1734  B1843  B1851  B1874  B1933  B2202  B2211  B2255  B2277  B2391  B2488  B2535  B2557  B2593  B2670  B2687  B2685  B2802  B2813  B2864  B2867  B2949  B3031  B3042  B3053  B3126  B3119  B3196  B3286  B4008  B4018  B4148  B4163  B4259  B4267  B4270  B4411  B4568  B4638  B4672  B4674  B4969  B5035   B   0  5  10  15  20 GntR regulator (11) . Point mutations were observed to accumulate over time among outbreak isolates, with shared variants increasing at a rate of one variant every 51 days (Fig. 2C) . The number of singleton variants, however, did not change over time, suggesting that, on average, three unique variants arose de novo within each patient, but these variants were not transmitted to the other patients. Approximately half of all variants detected were nonsynonymous SNPs, with the remaining variants equally split among synonymous SNPs, insertion/ deletion variants in coding sequences, and intergenic variants (Fig. 2C) . To identify genes and pathways important for E. faecalis survival in the human bloodstream, we next focused on loci that were repeatedly targeted for independent mutation in different isolates (Fig. 2, D and E). Because beneficial mutations that occurred within the bloodstream of a patient were unlikely to become fixed in the population, owing to the lack of bloodstream-to-bloodstream transmission, loci that were repeatedly targeted were examined as possible signatures of bloodstream adaptation.
Exploration of loci independently mutated in different patients
We detected significant enrichment (P < 0.0001) for mutations in the cydABDC operon, with independent mutations occurring in six different outbreak strains ( Fig. 2E and table S3 ). This operon encodes a cytochrome bd-type terminal oxidase that E. faecalis uses to carry out respiration in the presence of heme (16, 17) . We confirmed that the MMH594 strain exhibited increased growth in vitro in the presence of heme and that this growth increase was due to the ability of the cydABDC operon to use heme (Fig. 3A) . A recent study showed that induction of respiration in Staphylococcus aureus and E. faecalis caused increased susceptibility to killing by neutrophils (18) . Consistent with this finding, we observed that an E. faecalis strain lacking the cydABDC operon was more resistant to killing in whole human blood (Fig. 3B) , suggesting that cydABDC operon mutations were selected for in vivo by pressure from the host immune system.
The strongest signal for adaptive evolution within the human bloodstream occurred within a gntR transcriptional regulator (gene ID: SAW_02997 in the B594 strain, EF3156 in the V583 strain, and OG1RF_12423 in the OG1RF strain), which independently acquired 18 distinct mutations in 21 different outbreak isolates (2 = 6267, P < 0.0001; Fig. 2D and table S3). Each of these 18 mutations would be predicted to affect the coding sequence of the gene, indicating that loss of function of this regulator conferred enhanced survival within the human bloodstream by some mechanism. Because the gene was predicted to encode a winged helix-turn-helix transcriptional regulator, we identified its regulon by transcriptome comparison of a matched gntR wild-type and mutant E. faecalis strain pair ( Fig. 4A and fig. S4 ). This analysis showed that gntR mutations derepress the adjacent glycoside hydrolase family 65 gene (ghf65), the b-phosphoglucomutase (pgmB) gene, and an unlinked sugar phosphotransferase gene (treB).
To understand how constitutive expression of a carbohydrate metabolism pathway confers a selective advantage to E. faecalis in the bloodstream, we closely examined gntR mutants for distinguishing phenotypes. Culture in BHI medium showed that, whereas gntR wild-type and mutant strains grew at similar rates through the exponential growth phase, gntR mutants consistently grew to a higher optical density (OD 600 ) and were more resist ant to subsequent autolysis during the stationary growth phase (Fig. 4B ). This could be recapitulated with a Triton X-100 auto lysis assay, which confirmed that gntR mutants were indeed more resistant to autolysis ( fig. S5 ). Increased stationary-phase OD 600 measurements correlated with resistance to autolysis and could be used to distinguish between gntR wild-type and mutant strains (Fig. 4C ). We wondered whether the increased stationary-phase OD 600 values observed in gntR mutants stemmed from the up-regulation of ghf65 and pgmB expression. Deletion of both ghf65 and pgmB in a gntR mutant strain restored the OD 600 values to that of the wild-type strain (Fig. 4C) . Moreover, complementation of the deletion mutant in trans with the reading frame encoding ghf65, but not that encoding pgmB, restored the mutant phenotype (Fig. 4C ). These results imply that the constitutive expression (A) Maximum growth [optical density at 600 nm (OD 600 )] of MMH594 wild-type (WT) and cydABDC operon knockout (MUT) E. faecalis strains is shown. Bacteria were cultured in brain heart infusion (BHI) medium in the absence or presence of 10 M heme. Mean values are plotted, and error bars show SDs of triplicate experiments. Growth of WT and MUT strains in the presence of heme was compared. All P values were calculated with a two-tailed t test. (B) A killing assay in whole human blood for MMH594 wild-type (WT) and cydABDC operon knockout (MUT) E. faecalis strains is shown. WT and MUT strains were mixed (1:1) and were incubated with fresh whole human blood from three independent donors for 6 hours. Competitive index was calculated as the ratio of MUT/WT cells and was determined by polymerase chain reaction (PCR) genotyping of at least 70 individual colonies from three biological replicates. A comparison of time zero (T0) with 6 hours of culture (T6) is shown. P value was calculated with a two-tailed t test.
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of ghf65 conferred a survival advantage to E. faecalis in the human bloodstream by some mechanism.
Electron microscopy was used to visualize ultrastructural differences between gntR mutant and wild-type E. faecalis. In agreement with the autolysis assay ( fig. S5 ), transmission electron micrographs showed markedly decreased cell lysis among stationary-phase gntR mutant cells, as well as lower cellular length-to-width aspect ratios and thinner cell walls compared to wild-type bacteria ( fig. S6 ). Scanning electron micrographs confirmed that gntR mutants were less prone to lysis and were also shorter and less lancet-shaped than wild-type bacteria (Fig. 4D) . Electron micrographs of gntR mutants were reminiscent of those for other E. faecalis mutants reported previously that showed altered cell surface-associated polysaccharides (19) (20) (21) . E. faecalis of the ST6 lineage is known to make four surfaceassociated polysaccharides: a capsular polysaccharide, the rhamnosecontaining enterococcal polysaccharide antigen (Epa), lipoteichoic acid, and wall teichoic acid (22) . We extracted cell surface-associated polysaccharides containing all four classes of molecules and analyzed their monosaccharide composition. The largest difference was that surface-associated polysaccharides from the gntR mutants contained less glucose and more rhamnose than did those of wild-type cells (Fig. 4E ). This suggested that the gntR mutant bacteria produced more rhamnopolysaccharide and less of other glucose-containing polysaccharides. The GHF65 enzyme that is constitutively expressed in gntR mutants showed sequence similarity to a trehalose 6-phosphate phosphorylase (TrePP; EC 2.4.1.216) that was previously characterized in Lactococcus lactis (23) . We confirmed that an E. faecalis strain lacking GHF65, as well as a strain lacking the TreB phosphotransferase system that is derepressed in gntR mutants, could not grow on the Glc(1 ↔ 1)Glc disaccharide trehalose as a sole carbon source (fig. S7) . Trehalose is largely absent in the human bloodstream; its use as a food additive did not begin until the early 2000s (24) . Thus, we wondered whether GHF65 could act on related disaccharide substrates, as has been recently shown for the TrePP enzyme of L. lactis (25) . As a potential candidate, we noted that the closely related Glc(1 → 2)Glc disaccharide kojibiose is used by E. faecalis to build and decorate lipoteichoic acid with glycan chains (26, 27) . E. faecalis could not grow on kojibiose as the sole carbon source ( fig. S7) , probably because the bacteria were unable to transport the disaccharide into the cytoplasm. E. faecalis do, however, synthesize kojibiose through an as yet uncharacterized pathway (27) . This disaccharide is incorporated into the lipoteichoic acid anchor diglucosyl diacylglycerol (28) and is also attached to the glycerol phosphate chain of the lipoteichoic acid polymer (27) . Either of these might serve as substrates for an enzyme with kojibiose phosphorylase activity, liberating d-glucose in the process. We compared the amount of lipoteichoic acid isolated from gntR wild-type and mutant E. faecalis bacteria and found that the mutant cells contained less lipoteichoic acid overall (Fig. 4F) . We also quantified kojibiose in the lipoteichoic acid polymer and found that lipoteichoic acid from gntR mutants had less kojibiose decorating the molecule (Fig. 4G) . Last, consistent with increased kojibiose phosphorylase activity, we observed a concomitant increase in cytoplasmic d-glucose in gntR mutant strains compared to wild-type bacteria (Fig. 4H) .
To better understand its substrate specificity, we next built a homology model of the E. faecalis GHF65 enzyme ( fig. S8 ). The sequence of the enzyme served as the basis for a homology search against all sequences in the Protein Data Bank (PDB). The strongest hit was the structure of the kojibiose phosphorylase from Caldicellulosiruptor saccharolyticus, which has been solved in a complex with glucose or kojibiose (PDB no. 3wir and 3wiq, respectively; 28% sequence identity across the complete protein sequence) (29) . These structures also included a phosphate/sulfate ion in the active site, mimicking the substratebound complex. Using the published structures as templates, we built a comparative model of the E. faecalis GHF65 enzyme bound to kojibiose and phosphate using SWISS-MODEL ( fig. S8) (30) . Relative to the template structure, all key active site side chains were almost identically preserved in both sequence and active site geometries. Mutagenesis studies of the C. saccharolyticus enzyme have shown the positions responsible for recognizing various disaccharides (kojibiose, nigerose, maltose, and trehalose) (29) . On the basis of this recognition code, it is likely that the E. faecalis GHF65 enzyme is most active against kojibiose.
What could be the selective advantage gained by inactivating the GntR repressor, constitutively expressing the GHF65 hydrolase, and altering the abundance and composition of lipoteichoic acid on the E. faecalis cell surface? Aside from regulating autolysis, lipoteichoic acid has been implicated in antibiotic susceptibility and killing by immune cells (31) . Thus, we hypothesized that gntR mutants could have greater tolerance to antibiotic challenge, an enhanced ability to withstand innate immune killing, or both. Mutant and wild-type cells showed similar minimum inhibitory concentrations (MICs) for the b-lactam antibiotic ampicillin (MIC = 4 g/ml for both wild-type and mutant strains), suggesting that gntR mutants were not overtly more resistant to the b-lactam antibiotics in common use at the time (32) . However, gntR mutants were more tolerant than wild-type strains to killing by cell wall-targeting agents, including ampicillin and lysozyme (Fig. 5A) . We confirmed that this resistance to killing was due to the constitutive expression of GHF65 ( fig. S9 ). Strains that had mutated gntR were also found to be more resistant to killing upon incubation with human blood (Fig. 5B) . To determine whether these changes were of consequence in an infection model where phagocytic clearance could be measured, we compared competitive survival of gntR mutant and wild-type strains in a subcutaneous abscess mouse model (33) . In as little as 24 hours, gntR mutants showed a significant survival advantage in this animal model compared to wild-type bacteria (P < 0.01; Fig. 5C ). This indicated that gntR mutants could be readily isolated from the bloodstream of patients because of enhanced resistance to phagocytic killing.
Appearance of a previously unidentified mutation coincident with the introduction of carbapenem antibiotics
Unexpectedly, despite the high frequency of occurrence of gntR mutations and the survival advantages they conferred, gntR mutations were found only in isolates from the first half of the outbreak and not after January 1987 (Fig. 6A) . The disappearance of gntR mutants corresponded to the appearance of a previously unidentified mutation upstream of the penicillin-binding protein 4 (pbp4) coding sequence (gene ID: SAW_02336 in the B594 strain, EF2476 in the V583 strain, and OG1RF_11907 in the OG1RF strain). PBP4 is a highmolecular weight, class B transpeptidase that has been previously implicated in resistance to bacterial cell wall-targeting antibiotics (34, 35) . Because the pbp4 mutation that we identified occurred 5′ to the coding sequence in a potential regulatory region, we quantified its effect by real-time PCR. Mutant strains were found to express fivefold more pbp4 mRNA compared to wild-type E. faecalis (Fig. 6B) . We next tested whether this increased pbp4 expression affected susceptibility to cell wall-active antibiotics. Mutants were found to be more resistant to ampicillin, ceftriaxone, and imipenem but not vancomycin (Fig. 6C) . The greatest increase in resistance was observed for imipenem, the first carbapenem antibiotic, which entered widespread use in 1987 (Fig. 6A) (36) . Carbapenems exert their antibacterial effects by covalently binding to penicillin-binding proteins, and imipenem has been previously shown to bind strongly to the ortholog of the PBP4 enzyme in E. coli (37) . The appearance of pbp4 mutants corresponded to the disappearance of gntR mutants. To test whether pbp4 mutants could phenocopy gntR mutants, we compared pbp4 and gntR mutants for growth and survival in ampicillin, lysozyme, and whole human blood killing assays. Similar to gntR mutants, pbp4 mutants were more resistant to killing by both ampicillin and lysozyme (Fig. 6D) ; however, they were not more resistant than wild-type strains to killing in a whole human blood killing assay ( fig. S10 ).
Because treatment records for patients from whom isolates were derived could not be obtained, we tested whether the introduction of imipenem, which occurred in 1987, could have resulted in selection for pbp4 mutants during the second half of the outbreak. We selected for single-step mutants in vitro using either meropenem (a more stable carbapenem) or ampicillin. Genotyping of mutants that were selected for either a two-or fourfold increase in MIC revealed that the dominant mutation conferring meropenem resistance was the same pbp4 mutation observed among outbreak strains (Fig. 6E ). An additional 20% of meropenem-resistant mutants had different mutations upstream of the pbp4 gene ( fig. S11 ). Among ampicillinresistant mutants, no mutations in or near pbp4 were identified, suggesting that carbapenem pressure was specific in selecting for altered expression of pbp4. We also generated meropenem-resistant mutants in a gntR mutant strain background and found that roughly half of all mutants had a mutation upstream of pbp4 (Fig. 6E) , suggesting that gntR and pbp4 mutations could coexist in the same strain. Examination of other publicly available E. faecalis genomes identified additional strains with the same mutation upstream of pbp4 but only in clinically derived strains isolated after the mid-1980s (table  S5) . In contrast, gntR mutants appear to have arisen in a variety of settings and over a broad time span, including six of the unrelated pre-outbreak strains examined in this study.
DISCUSSION
Here, we focused on E. faecalis strains isolated early in the emergence of enterococ ci as leading nosocomial pathogens. We used comparative genomics and functional approaches to describe the adaptation of E. faecalis from life as a gut commensal to survival in the face of strong selective pressures in the human bloodstream in an early enterococcal outbreak that occurred between 1984 and 1988 in a Wisconsin hospital. Overall, we found multiple pathways that enabled the survival of E. faecalis in the face of antibiotic and host immune pressures. This finding underscores both the adaptability of enterococci and the complexity of this process.
By studying a collection of closely related E. faecalis outbreak strains, we were able to focus on understanding whether any of the relatively few mutations that arose in these strains were biologically or medically relevant. Of the 285 variants we detected, 15 became progressively fixed over the course of the outbreak and an additional 64 were found in more than one E. faecalis strain. These shared variants might affect bacterial survival during transmission from one patient to the next. For example, they could confer greater tolerance to desiccation or starvation, resistance to disinfectants, or an enhanced ability to colonize the antibiotic-perturbed gastrointestinal tract (10) . Here, we focused on characterizing de novo adaptation within each new patient; the shared variants we identified, however, could be similarly explored in future studies to investigate their impact on transmission of drug-resistant enterococci in the hospital environment.
Our analysis uncovered multiple mutations in distinct pathways that contributed to enterococcal survival in the face of selective pressures that are relevant to bloodstream infection. Every mutation that we identified in the cydABDC cytochrome locus and the gntR regulator appeared to affect protein function, suggesting that diminishing or abolishing their functions was important for the bacteria to proliferate and persist in the bloodstream. Note that none of the cydABDC mutations and very few of the gntR mutations were found in more than one bacterial strain. This observation suggests that these mutants arose in the human bloodstream or another extraintestinal site and then proliferated because of their survival advantage over wild-type bacteria. Alternatively, mutants could have first occurred in the gastrointestinal tract and then translocated into the bloodstream; however, in this case, the mutants would be expected to be transmitted between patients. Unfortunately, the lack of available gastrointestinal tract isolates from these patients makes it impossible to know exactly where and how these mutations arose. Nonetheless, it seems likely that, after translocation of a small number of bacteria from the gut into the bloodstream (38, 39) , the population grew big enough to generate these mutants, which were then driven to high frequency by antibiotic treatment, host innate immune selection, and other possible selective pressures.
In contrast to the cydABDC and gntR mutations that we detected, the mutation uncovered in pbp4 resulted in the deletion of a deoxyadenosine from a run of seven deoxyadenosine residues. This made it impossible to know whether the same base deletion was shared among patients with E. faecalis strains and potentially was transmitted from patient to patient. The pbp4 mutation identified here is not unique to our study, but its appearance among E. faecalis strains worldwide is coincident with the introduction of carbapenems into widespread use (36) . We suspected that the use of imipenem as an empirical therapy contributed to the emergence of E. faecalis strains bearing pbp4 mutations. Our conclusion that antibiotic selection likely drove emergence of the pbp4 mutation is supported by other studies (40, 41) , including a recent report of the identical mutation in an E. faecalis strain infecting the joint of a patient who was treated long-term with cell wall-targeting antibiotics (41) . We observed distinct mutations associated with increased resistance to carbapenems or b-lactam antibiotics in our in vitro resistance selection experiments. Mutations in or near pbp4 did not occur among ampicillin-resistant E. faecalis mutants; instead, mutations in the epa locus were detected in approximately half of these ampicillin-resistant mutants. The Epa surface polysaccharide remains to be fully characterized, but it may serve a role similar to that of cell wall teichoic acids (42) . We also detected five independent mutations in the epa locus among the outbreak strains, which might have arisen within patients in response to b-lactam antibiotic treatments or other related pressures. Additional work is needed to understand the role of Epa in enterococcal growth and persistence in the human bloodstream.
A limitation of this study is the lack of available patient data to associate with the outbreak strains that were collected. The bacteria were originally isolated in the mid-1980s and were cryopreserved for nearly three decades. Despite our best efforts, patient information was determined to be no longer available for metadata analysis. In addition, our theory that the GHF65 enzyme works to cleave kojibiose from bacterial lipoteichoic acid remains to be fully validated. A more complete understanding of how E. faecalis synthesizes and modifies its lipoteichoic acid is needed, as is biochemical information regarding the substrate affinities of the enterococcal GHF65 enzyme for different disaccharides. Last, it seems counterintuitive that having less lipoteichoic acid on the bacterial surface would confer a survival advantage in the face of cell envelope-targeting stressors. We suspect that having less lipoteichoic acid on the bacterial surface may allow for more cell wall teichoic acid or Epa polysaccharide to be laid down on the peptidoglycan and that having more of these molecules on the surface confers greater tolerance to cell wall stresses; however, this theory remains to be proven.
Our study shows how an enterococcal outbreak lineage emerged and evolved over an extended hospital outbreak and how outbreak strains appeared to have responded to host immune selection and changing antibiotic regimens. These findings highlight pathways that could be further leveraged in the future for control and management of nosocomial enterococcal infections.
MATERIALS AND METHODS
Study design
This study was a retrospective functional genomics investigation of an outbreak of E. faecalis bacteremia at the University of Wisconsin Hospital and Clinics from 1984 to 1988. The outbreak was described previously (11) , and the analyses presented here build upon previous work. The objectives of this study were to (i) use comparative genomics to characterize the outbreak lineage and to contrast the outbreak strains with E. faecalis strains causing bacteremia before the outbreak, (ii) identify bacterial loci undergoing selection during bloodstream infection, and (iii) characterize mechanisms by which E. faecalis can adapt to antibiotic pressure and innate immune pressure within the human host.
Collection of bacterial strains
Bacterial strains were collected from the Clinical Microbiology Laboratory at the University of Wisconsin Hospital and Clinics as part of a retrospective cohort study (11) . For this study, 66 putative outbreak E. faecalis bacteremia strains isolated over the 32-month period from July 1985 to February 1988 were included. These strains were selected on the basis of high-level gentamicin resistance and high genetic relatedness, as determined by pulsed-field gel electrophoresis (11) . An additional 27 pre-outbreak E. faecalis bacteremia strains were also included and represent genetically diverse strains that were isolated from the same hospital before July 1985. After collection, blood culture isolates were stored in BHI broth with 10% glycerol at −70°C. Bacterial strains were collected as part of routine diagnostic purposes, contained no human genetic material, and were deidentified before the initiation of this study.
Genomic DNA isolation, whole-genome sequencing, and assembly Strains were first streaked onto BHI agar and grown overnight at 37°C. A single bacterial colony was then inoculated into BHI broth and grown overnight at 37°C. Genomic DNA was isolated with the Qiagen DNeasy Blood and Tissue Kit (catalog no. 69506, Valencia, CA). The earliest isolated outbreak strain, called B594, was sequenced with both Illumina (San Diego, CA) and Pacific Biosciences (PacBio, Menlo Park, CA) technology; the remaining pre-outbreak and outbreak strains were sequenced with Illumina technology. Seven outbreak strains were also sequenced with MinION technology (Oxford Nanopore Technologies, Oxford, UK). Additional details regarding genome sequencing, assembly, annotation, phylogenetic and variant analyses, and other genome comparisons are provided in the Supplementary Materials. gntR mutant assays Detailed methods regarding strains and growth conditions for functional assays, construction of deletion mutants, RNA sequencing, and quantitative PCR are provided in the Supplementary Materials. For gntR growth assays, gntR wild-type and mutant strains were inoculated into 200-l BHI media in a 96-well plate at OD 600 = 0.01 and were incubated at 37°C. OD 600 was measured every 30 min with a Synergy2 BioTek plate reader (Winooski, VT) with Gen5 software. For CFU per milliliter measurements, serial 10-fold dilutions of each culture were made, and then, 10 l of each dilution was spotted and tracked onto nutrient agar plates. Individual colonies were counted the next day and multiplied by the dilution factor to determine CFU per milliliter in the original cultures. Between six and nine biological replicates were included for initial growth experiments. For follow-up experiments, strains were grown overnight in BHI broth at 37°C, and the overnight OD 600 was measured and recorded. Electron microscopy, monosaccharide composition analysis, and lipoteichoic acid extraction and analysis methods are described in the Supplementary Materials.
In vitro resistance selection and genotyping MMH594 wild-type bacteria were selected for in vitro resistance to ampicillin or meropenem with a single-step selection approach. Briefly, 50 l of a stationary-phase culture of bacteria was spread onto a 10-cm petri dish containing BHI agar with ampicillin (16 g/ml) or meropenem (32 g/ml). Plates were incubated at 37°C for 2 to 5 days to allow resistant mutants to emerge. Individual colonies were passaged in BHI without drug and were then tested for resistance by determining their MIC values and comparing to the wild-type parental strain. Mutants with two-or fourfold higher MICs as measured after 24 hours were retained and were genotyped either by PCR and Sanger sequencing of the region upstream of pbp4 or by wholegenome sequencing. Variants were identified from genome sequence data with CLC Genomics Workbench v8 and Pilon (43) .
Statistical analysis
Changes in the numbers of shared and singleton variants over time were assessed by linear regression. Enrichment of mutations at the gntR, cydABDC, and epa loci was calculated with Fisher's exact test. Significance of all other differences was assessed with a two-tailed t test.
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